Abstract-A high-accurate frequency estimation algorithm is proposed in the 60GHz OFDM wireless communication system. The phase offset is caused by the carrier frequency offset, and its accumulation has a linear relationship in the time. So the preamble sequence phase can be obtained by the algorithm in this paper, and then the carrier frequency offset value is calculated by the linear regression theory. The 60GHz wireless communication system simulation platform is established. In the platform, the algorithm is simulated with different carrier frequency offset, and the algorithm estimation performance is contrasted with the traditional algorithm. The results show that accuracy of the algorithm has 30dB higher than the autocorrelation algorithm, and that the BER performance of the algorithm is the same as witch in the case of no frequency offset. So the high-accuracy of frequency offset estimation is proposed by the algorithm in the 60GHz wireless communication.
requirements, the wireless transmission system which the carrier frequency of the system can be switched in 2.4, 5 and 60GHz will become the mainstream scheme of the market. In order to achieve the 7Gbps transmission rate, the OFDM modulation is used in IEEE802.11ad-2012 amendment system, but the OFDM system sensitizes to carrier frequency offset [3] which is caused by the frequency deviation of the crystals between the transmitter and receiver.
Auto-correlation algorithm is presented in paper [4] , in which frequency offset is estimated by using the phase of the preamble sequence auto-correlated value. By using the auto-correlation algorithm, there is not training sequence stored in the internal memory, so this algorithm can save the hardware resources. But it is susceptible to effects of noise and multi-path, and it has less precision when it is used in the large amount of data transmission system. A frequency offset estimation algorithm of linear regression in the single carrier UWB system was presented in paper [5] . In this algorithm, the phase is extracted by using the 128 PN continuous sequence of cross-correlation value, then the frequency offset is estimated by using the linear relationship between each phase angle. However the algorithm only can be used in single carrier systems. In the multi-carrier system, phase value obtained by algorithm of paper [5] has no linear relationship, thus the frequency offset can not be estimated. The algorithms which mentioned in the paper [6] and [7] can not meet the high precision of the system frequency offset estimation. So in this paper, the high precision frequency offset estimated algorithm is proposed for using linear regression theory, which also can be used in the OFDM system.
II. LINEAR REGRESSION FREQUENCY OFFSET ESTIMATION ALGORITHM
A. Frame Structure in the 60GHz System OFDM physical layer frame structure of the IEEE802.11ad-2012 amendment is comprised by the leader sequence, OFDM data and the pilot. The leader sequence including the long training sequence and short training sequence, is used to achieve the synchronization and channel estimation. There are 17 Golay complementary sequence (called Ga) in the short training sequence, which the each Ga has 128 bits, and long training sequence is constituted by Gv, Gu and -Gb. Ga and Gb is a group of Golay complementary sequence pair. The frame structure and the leader sequence components is shown in Fig. 1 .
Ga Ga Ga …… Ga Ga Gv Gu -Gb CP Header CP Data CP Data …… Fig. 1 . The frame structure
B. Phase Extraction
The system model is set to
where 
If the phase (γ [n]) caused by the noise can be ignored, the frequency offset phase angle of the received sequence is the (4).
C. Linear Regression Frequency Offset Estimation Algorithm By the formula (4), frequency offset phase (a[n]) of receiving sequence is a linear function which n is the argument and 2/ N  is the slope. If the slope of the function can be calculated, the normalized frequency offset ε would also be known. So the main work of this paper is to calculate the slope of receive sequence frequency phase angle a[n] by using linear regression method and then calculate the normalized frequency offset ε. With the increase of n, the phase angle a[n] is periodic with 2 π, and in each period, the phase is a linear function, as shown in Fig. 2 . To eliminate the periodic, a[n] is necessary to be processed by data connection, as shown in Fig. 3 . Through the preprocessed a[n], the normalized frequency offset is obtained by using least squares linear regression. In the 60GHz standard, there are 3328 points of preamble sequence in a frame. In order to reduce the complexity and interference of data connected algorithm, only the first 640 point is selected to calculate the normalized frequency offset ε 1 . In the case of low SNR, the continuation algorithm of eliminating period will be disturbed by the noise, and that will lead the processed a[n] into sections, as shown in Fig.  4 , therefore the linear regression calculation of the frequency offset error is too large. So it is necessary to check the piecewise before using the linear regression calculation. The frequency offset is calculated in each segment by linear regression, and then the final frequency offset is obtained by mean processing the each segment values. Through the theoretical calculation and experimental simulation, the linear regression of each segment of the points should be larger than QN in order to ensure the accuracy of the frequency offset estimation. And if the length of the segment is less than QN, this segment will be abandoned.
Only the preamble sequence is frequency offset compensated by using ε 1 , and then the phase of the whole preamble sequence can be obtained by the algorithm. By the formula (5), if the 3328 points are used in the linear regression calculation, and the number of sub-carrier N is 512, the residual normalized frequency offset would be less than 0.154. 
The residual frequency of the preamble sequences is less than the value above. So there does not need connected algorithm with the 3328 points, and the residual frequency offset ε 2 can be directly calculated by the linear regression. The total normalized frequency offset is 12     . Then the hole dates can be frequency offset compensated by the ε.
D. The Accuracy of the Frequency Offset Estimation
The linear regression equation of the phase angle can be taken as a=c 0 +c 1 k，among the a as phase, k as the preamble sequences points，c 1 as normalized frequency offset. So c 1 can be got by linear regression, as 
So the estimation accuracy has relationship with the system noise σ 2 and the number of participating points in the linear regression calculation. the system noise variance σ 2 can be considered a constant. So var(c 1 ) and n follows (8) .
    
Thus, a[k] has linear relationship with k.
Because initial phase as a[0] is irrelevant with k and it is the intercept of linear function in (11), the method is not sensitive to noise. So the normalized frequency offset ε can be obtained by a[k] sequence, which the method is linear regression calculation.
In 
In multi-path channel, from the extracted phase of correlation function R MP we can see that (9) and (12) have the same form which means phase of R MP which calculated from (12) also satisfies a linear relationship, as shown in Fig. 5 . The phase of noise and multi-path are in the intercept term of the function, so the slope calculation is not affected by it. The normalized frequency offset  can be calculated by the same method as (11). So this algorithm can effectively cancel multi-path interference, and it can be used in multi-path channel frequency offset estimation. 
IV. THE RESULTS OF SIMULATION
The simulation bases on the IEEE802.11ad-2012 amendment 60GHz channel. In this system, it will take the channel coding using 1/2 LDPC, 16QAM modulation, 512 point sub-carriers, the length of CP is 128bit, and the leader sequence with 3328 bit, frame structure as shown in Fig. 1 . The source rate is 2.772Gbps. In the paper, the algorithm in the second section named 1st algorithm, the algorithm in the third section named 2nd algorithm.
A. Simulation in AWGN Gauss Channel Model
In the 1st algorithm, firstly, frequency offset ε 1 can be estimated the first 640 points with the linear regression calculation. Then the second linear regression frequency offset ε 2 can be calculated by the compensated 3328 preamble sequence. Finally, the total estimation is ε=ε 1 +ε 2 . In the 2nd algorithm, the first 1920 points is
B. Simulation in 60GHz Channel Model
The 60GHz channel models are described in paper [8] and [9] , such as the elevation, reflection loss [10] , shelter and other factors in transmission path channel. The 60GHz channel is divided into Living_room model,
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Journal of Communications Vol. 10, No. 7, July 2015 ©2015 Journal of Communications calculated using 128 points cross-correlation, and then frequency offset can be calculated by linear regression. According to the standard, the range of normalized frequency offset is [-2, 2], and frequency offset is estimated as shown in figure 6 . Then value of frequency deviation estimation Mean Square Error (MSE) is calculated. In the Gauss channel model, the MSE values of the 1st algorithm, 2nd algorithm, and the AutoCorrelation (AC) algorithm in paper [4] is contrasted in Fig. 6 .
It is shown in Fig. 5 , the two algorithms in this paper can estimate the frequency offset value in each frequency offset value, but the auto-correlation algorithm can not estimate the frequency offset value while the value is too large. It can be learned from Fig. 7 that 1st algorithm is obviously disturbed by the noise. In the 2nd algorithm, the extracted phase of cross-correlation function is not obvious obstructed by noise, so the linear relationship is not broken. The accuracy of the 2nd algorithm is still 30dB higher than the auto-correlation algorithm at each frequency offset values. Therefore, the estimated value of 2nd algorithm is more stable. Cubicle model, and Conference_room model. The living room model is the most complicated in 60GHz channel model which has no direct. The channel impulse response is shown in Fig. 7 . Simulation is based on the living room channel model in this paper. Compared with Fig. 4 , the simulation of 60GHz channel is shown in Fig. 8 . In multi-path 60GHz channel, with the [-2, 2] times normalized carrier frequency offset, the frequency offset is estimated by three algorithms as shown in Fig. 9 . The simulation results are shown that 1st algorithm and 2nd algorithm can get the correct trend of frequency offset estimation in the larger normalized frequency offset. But the auto-correlation algorithm has been unable to work. Comparing Fig. 6 and Fig. 9 , the 2nd algorithm has the same MSE in the Gauss channel and 60GHz channel that means the 2nd algorithm is not sensitive to multi-path interference. Based on the simulation of two channel results, 2nd algorithm has a good ability of anti noise and anti multi-path .
curve of the 2nd algorithm is below the curve of autocorrelation algorithm. This means frequency offset estimation performance of the 2nd algorithm is better than auto-correlation algorithm. The BER curve of 2nd algorithm with frequency offset has the same curve as the system without frequency offset, so 2nd algorithm can satisfy the frequency estimation precision of the entire system. In this paper, according to the frame structure provisions of the IEEE802.11ad-2012 amendment, the frequency offset can be estimated in the frame head. The preamble sequence is processed by cross-correlation and then its phase can be extracted. Finally, the normalized frequency offset is estimated by the least square linear regression algorithm. The estimation accuracy of this algorithm is 30dB higher than the commonly used correlation algorithm. The algorithm has good estimation precision in different carrier frequency offset and the multi-path fading channel. As only the frame head leader sequence is used in this algorithm, the system resources is saved. The algorithm not only can be used in 60GHz wireless communication system, but also can be widely used in other OFDM systems, in which the characteristics of high precision of frequency offset estimation will be developed.
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C. System Simulation
The whole system simulation is respectively tested by using the autocorrelation algorithm in paper [4] and the 2nd algorithm. There are 2.772×10 7 bits useful information data sent in the transmitter, and then the Bit Error Rate (BER) is calculated in the receiver. The BER with frequency offset or not, and with Gauss channel or the living room channel model were compared in this simulation, as shown in Fig. 10 . It is shown in Fig. 9 that
